Tailoring the magnetic anisotropy of CoFeB/MgO stacks onto W with a Ta buffer layer Andreas Kaidatzis, 1,a) Cristina Bran, 2 Vasilios Psycharis, 1 Manuel V azquez, 2 Jos e Miguel Garc ıa-Mart ın, 3 and Dimitrios Niarchos The emergence of perpendicular magnetic anisotropy (PMA) in CoFeB/MgO stacks deposited on W using a Ta buffer layer is studied as a function of Ta and CoFeB layer thickness and annealing temperature. It is shown that very thin Ta "dusting" layers (thickness between 0.3 and 1 nm) enhance PMA of CoFeB layers grown on top of W. We find that Ta thickness is a crucial factor affecting magnetic anisotropy and it needs to be scaled proportionally to CoFeB thickness for obtaining PMA. Stacks without Ta have in-plane anisotropy, verifying the "PMA-enhancing" role of Ta. The maximum effective PMA energy (3:6 Â 10 6 erg/cm 3 ) is obtained for a stack with 1.4 nm of CoFeB and 1 nm of Ta and after annealing at 350 C. Besides, PMA can be obtained even at the as-deposited state for certain thicknesses. This W-based CoFeB/MgO system could enable the development of low power consumption, high density, and non-volatile magnetic memories. 3 In particular, Magnetic Tunnel Junctions (MTJs), a stack of two ferromagnetic layers separated by an oxide, are key components of future spintronics technologies. One of the most promising MTJ materials systems is composed of CoFeB/MgO/CoFeB stacks, with PMA arising from the strong CoFeB/MgO interface anisotropy. 4 These MTJs show high tunnel magnetoresistance and a low threshold current for spin-transfer torque magnetization switching properties of particular importance for MRAM applications. What is more, PMA is a necessary requirement for ensuring high data stability and adequate scalability of the device.
Recently, Spin-Orbit Torque MRAM (SOT-MRAM) has been proposed as a novel memory concept 5 promising a fast access, energy-efficient, scalable, high density, and nonvolatile memory technology. A typical SOT-MRAM stack is composed of a MTJ with PMA, grown on top of a high spinorbit coupling heavy-metal, which acts as the read/write current line. Although initial SOT-MRAM studies were focused on the Pt/Co/AlO x system, 6 there has been a shift towards Ta/CoFeB/MgO structures, due to the higher spin-orbit coupling of Ta, the readily obtainable PMA of CoFeB after annealing and the more effective spin-dependent tunneling through the monocrystalline MgO barrier. 4 Recent SOT-MRAM studies have been focused on W, for use as current line metal, due to its reported giant spinorbit interaction 7 that allows the fabrication of even lower read/write current SOT-MRAM cells, enabling the industrial application of SOT-MRAM technology. Thus, obtaining W/ CoFeB/MgO stacks with good PMA is a hot topic in this field. For instance, Hao and Xiao 8 perform annealing at 280 C under a perpendicular magnetic field of 0:45 T, i.e., with high energy consumption, for obtaining PMA. On the other hand, Torrejon and co-workers 9 anneal their stacks at 300 C without magnetic field, obtaining PMA when the W layers have thickness of 4 nm or less, but with a reduced CoFeB magnetization, while in-plane anisotropy (IPA) is obtained for 6 nm W thickness. Finally, Pai and collaborators 10 have shown that strong PMA may be obtained only by inserting a thin Hf layer between the W and CoFeB layers.
In a similar context, we study W-based CoFeB/MgO half-MTJ stacks (only the "free" MTJ layer is present), with a configuration in-between the ones mentioned above: we use a 6 nm thick W underlayer, which maintains a high CoFeB magnetization, but with an additional Ta "dusting" layer inserted between W and CoFeB, whose thickness is systematically varied. It is shown that for certain parameters, PMA can be obtained even without annealing. The CoFeB/ MgO stack magnetic anisotropy is studied as a function of Ta layer thickness and annealing temperature, and it is shown that the Ta layer thickness needs to be proportionally scaled with the CoFeB thickness for effectively enhancing PMA. The maximum effective PMA energy (3:6 Â 10 6 erg/cm Co 60 Fe 20 B 20 . All the stacks were covered by AlO x for preventing oxygen diffusion through MgO and into CoFeB.
Ultra-high vacuum (base pressure 1:5 Â 10 À9 Torr) magnetron sputtering was employed for deposition on monocrystalline Sih100i substrates covered with an amorphous 500 nm thick thermal SiO 2 . Direct current (radio frequency) power supply was used for metal (oxide) deposition, at 1.5 W/cm 2 (10 W/cm 2 ) power density and 3 mTorr Ar working pressure, leading to 0.018 nm/s (0.010 nm/s) deposition rate. The substrates were rotating during deposition for avoiding the emergence of any in-plane magnetic anisotropy axes. After deposition, the samples were annealed for 1 h at 250 C or 350 C, in an independent high vacuum chamber (pressure during annealing better than 1 Â 10 À5 Torr). Selected samples were also annealed at 425 C for 1 h. The ramp-up rate was 20 C/min and the films were freely cooled to room temperature in high vacuum before removal.
Magnetic hysteresis cycles have been obtained for all the samples using vibrating sample magnetometry. The magnetic field was applied either in the plane or perpendicular to the plane of the samples. Fig. 1 shows a representative set of hysteresis cycles: the ones of the t CoFeB ¼ 1.4 nm samples series, after annealing at 250 C. It is clear that the magnetic anisotropy evolves upon change of the Ta layer thickness: low thickness results in IPA, as the easy magnetization axis is in the plane of the sample and large thickness in PMA (the easy magnetization axis is perpendicular to the plane of the sample). The anisotropy field H k , defined as the hard-axis saturation field and measured at the intersection of the inplane and perpendicular to the plane loops, 13 increases from À5.6 kOe for t Ta ¼ 0.3 nm (minus sign indicates IPA, whilst positive indicates PMA) to À0.9 kOe for t Ta ¼ 0.6 nm and 3.4 kOe for t Ta ¼ 1 nm.
Similar behavior is observed for t CoFeB ¼ 1.2 nm samples: low t Ta results in IPA and large t Ta (!0.6 in this case) in PMA. In contrast, the t CoFeB ¼ 0.9 nm samples only exhibit PMA for t Ta ¼ 0.3 nm. Finally, the t CoFeB ¼ 1.8 nm samples have always IPA for any t Ta and any annealing temperature. All the IPA samples have coercive field, H c , less than 10 Oe and the PMA samples have H c between 10 Oe and 30 Oe, with the value increasing as the annealing temperature increases.
For further characterizing our stacks, we determine their magnetization and dead magnetic layer thickness. In order to calculate these values, the magnetic moment per surface area versus t CoFeB has been plotted for every t Ta and annealing temperature (see Fig. 2(a) ). Linear fittings to the data yield the M S from the slope and the dead-layer thickness from the y-axis intercept.
M S values do not change substantially as t Ta variate. The average M S value is 1279 6 71 emu/cm 3 as-deposited and 1292 6 62 emu/cm 3 after annealing at 250 C. However, there is a small decrease after annealing at 350 C, as M S is 1201 6 62 emu/cm 3 , probably due to the increased interlayer diffusion. This trend is verified by selected samples annealed at 425 C: their magnetization decreased down to 370 6 33 emu/cm 3 and 830 6 38 emu/cm 3 for CoFeB thickness equal to 1:2 nm and 1:4 nm, respectively. Fig. 3 shows the dead layer thickness values as a function of t Ta and annealing temperature. The overall trend observed is that the dead-layer thickness is increasing as t Ta increases. Also, there is an increase of the dead-layer thickness after annealing, while it remains rather unchanged when increasing the annealing temperature from 250 C to 350 C. Previous reports show that the dead-layer thickness values depend strongly on the under-layer: CoFeB/MgO stacks deposited on Hf or on W and W/Hf under-layers have almost zero dead-layer thickness. 10, 14 However, CoFeB/MgO stacks have dead-layer thickness ranging from 0.5 to 1.1 nm, when deposited on Ta under-layers. 12, 15 In our stacks, we find a small dead-layer thickness (0.07 nm before annealing up to almost 0.3 nm after annealing at 350 C) at the CoFeB/MgO stacks deposited directly on W, contrary to previous reports. However, in accordance with the previous studies, it appears that Ta increases the dead-layer thickness reaching a maximum value for t Ta system, we determine for each sample its effective magnetic anisotropy energy, K eff (separated in a volume contribution, K v and a contribution from the interfaces, K s ), which approximately obeys the relation:
As it has been shown, 14 K s solely originates from the CoFeB/MgO interface, thus, Eq. (1) takes into account only one interface. Finally, K eff is negative (positive) for IPA (PMA) and can be determined experimentally 13 using the formula K e ff ¼ H k M s =2. Fig. 3 shows the variation of K eff as a function of t CoFeB and t Ta , before and after annealing. Samples with t Ta ¼ 0 have always IPA for any t CoFeB , before and after annealing. Additionally, samples with t CoFeB ¼ 1.8 nm have also IPA, for any Ta thickness, before and after annealing, indicating that this CoFeB thickness is above the threshold where volume anisotropy prevails over the CoFeB/MgO interface anisotropy. Samples with t Ta ¼ 0.3 nm have IPA in all cases, except for t CoFeB ¼ 0.9 nm: in this case, the sample develops PMA after annealing at 250 C, which is sustained even after annealing at 350
C. Finally, samples with t Ta ¼ 0.6 nm or 1 nm have PMA even as-deposited (for t CoFeB ¼ 1.2 nm) and after annealing for t CoFeB ¼ 1.2 nm or 1.4 nm, while their PMA energy increases as the annealing temperature increases.
The maximum PMA anisotropy energy, 3:6 Â 10 6 erg/cm 3 , is obtained for t Ta ¼ 1 nm and t CoFeB ¼ 1.4 nm. This value is slightly smaller than the maximum anisotropy energy measured at W/Hf/CoFeB/MgO samples (4 Â 10 6 erg/cm 3 observed for t CoFeB ¼ 1.1 nm) 10 and considerably smaller than the maximum value measured at a Hf/CoFeB/MgO samples (6 Â 10 6 erg/cm 3 observed for t CoFeB ¼ 1.1 nm).
14 However, it should be noted that Hf is inadequate material for SOT-MRAM applications due to its low spin-orbit coupling. Finally, the well-studied Ta/CoFeB/MgO system is reported to have values between 1:8 Â 10 6 erg/cm 3 and 4 Â 10 6 erg/cm 3 , both for t CoFeB ¼ 0.9 nm. 12, 14 The obtained maximum anisotropy energy value in addition to the fact that our W/Ta/CoFeB/MgO stacks retain their high spin-orbit coupling b-W phase 7 even after annealing at 350 C for 1 h, 16 make this system highly promising for SOT-MRAM applications. It is worth mentioning that higher annealing temperature does not improve the PMA anisotropy energy: samples annealed at 425 C have almost zero anisotropy. Besides, CoFeB/MgO PMA stacks have been reported to have thermal endurance up to 425 C only when deposited on Mo underlayers. 17 Our data show that the overall effect of post-deposition annealing is to enhance PMA, up to 350 C, in contrast to previous studies reporting that PMA is destroyed at this temperature. 12, 18 For explaining this disagreement, the exact role of Ta has to be taken into account. As-deposited amorphous CoFeB layer crystallizes upon annealing in body-centeredcubic (001) structure, coherently to the MgO (001) layer, giving rise to high interface anisotropy. 11 In this process, Ta acts as an efficient B getter, enhancing B out-diffusion and allowing for crystallization to occur. Spectroscopic studies have shown that B piles-up at the Ta/CoFeB interface creating a layer of Ta-B mixture. 19 However, excessive annealing results in Ta diffusion into the CoFeB layer and up to the CoFeB/MgO interface, 20 which deteriorates the CoFeB (001) orientation, decreases the CoFeB/MgO interface anisotropy, and ultimately destroys PMA.
In our study, all the samples exhibiting PMA show a steady increase of PMA energy after annealing and as the annealing temperature increases from 250 C to 350 C. This could be explained on the basis of the extent of Ta doping: when the Ta inter-layer has an optimum thickness, it provides sufficient Ta atoms for assisting B out-diffusion from CoFeB, while keeping Ta diffusion into CoFeB minimum. That is why the dead layer thickness increases after annealing, while M s remains almost constant. In effect, Ta doping is tailored instead of depositing the CoFeB/MgO stack on top of a pure-Ta under-layer, which acts as a constant source of Ta atoms. This also indicates that W diffusion into CoFeB is poor, as no PMA deterioration is observed upon annealing. Finally, the fact that stacks with no Ta layer have always IPA indicates that the CoFeB layer remains amorphous after annealing, probably because W is a poor B getter. The above point to the fact that there is a favorable window of CoFeB/ Ta ratios which results in PMA of the W/Ta/CoFeB/MgO stacks. Below this range, the CoFeB layer insufficiently crystallizes; while above, there is an excessive Ta diffusion into CoFeB. In both cases, IPA is observed.
To conclude, we have demonstrated the importance of Ta doping for obtaining W/CoFeB/MgO stacks with PMA. The extent of Ta doping is the primary parameter affecting CoFeB magnetic anisotropy. There is a window of Ta/CoFeB ratio where PMA may emerge. Below this range, Ta is insufficient for inducing CoFeB crystallization and therefore PMA. Above this range, excessive Ta diffusion into CoFeB destroys PMA.
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